Sarcopenia and malnutrition are commonly occurring conditions in the elderly that frequently coexist, leading to substantial effects on morbidity/mortality. Evidence established muscle-specific microRNAs (miRNAs) or myomiRs as essential regulators of skeletal muscle processes, from myogenesis to muscle homeostasis. This study aimed to evaluate the association between myomiRs and sarcopenia and explore the potential of nutrition in mediating this association. qPCR was employed to characterize the myomiR-1, -133a/b, -206, -208b, and -499 expression profiles of 109 non-sarcopenic and 109 sarcopenic subjects. In our sample, the proportion malnourished or at-risk subjects was higher in sarcopenia (p < 0.001). Among the detected myomiRs (miR-133a/b and miR-206), lower levels of miR-133b was significantly associated with the presence of sarcopenia (p = 0.006); however, this relationship was not independent from nutritional status in multivariate analysis, suggesting a mediating effect of nutrition on the relationship between miR-133b and sarcopenia. Correlation analyses showed that lower miR-133b levels were associated with poor nutritional status (Mini Nutritional Assessment Long Form (MNA-LF) score, p = 0.005); furthermore, correlations with albumin, ferritin, and iron were found. Similar results were obtained for miR-206. Statistically more significant correlations were observed in subjects with sarcopenia. In conclusion, our findings highlight a nutrient-miR-133b/miR-206 pathway having a potential role in the age-related muscle decline.
Introduction
The wide-ranging variation in the rate and quality of aging results from the intertwined interactions among a variety of genetic/epigenetic and environmental/lifestyle factors that impinge lifelong on our body. Nutrition is seen as one of the most important modifiable lifestyle factors affecting the whole aging process, with evidences increasingly indicating that nutrition is a major risk factor for the onset of chronic conditions [1, 2] . Many changes accompanying aging, such as anorexia of aging, body composition changes, worsening of oral health, and decline of sensory functions as well as pathological and socio-environmental factors, can promote a poor nutritional status due to inadequate nutritional intake [3] . Malnutrition represents a common problem in older persons, with data showing that up to new useful biomarkers of sarcopenia. Furthermore, the potential relationship with nutritional status could provide insights in the molecular pathways underpinning sarcopenia and help to develop therapeutic targets or set up lifestyle interventions to prevent or delay the onset of the age-related muscle decline.
Materials and Methods

Participants
Participants were recruited from elderly nursing homes located in the province of Crotone and Cosenza in the Calabria region (southern Italy), as part of a study carried out for monitoring the quality of aging in the whole region. Subjects were eligible to participate in the study if they were older than 65 years of age and of Calabrian ancestry. We excluded patients with cardiac involvement and severe neuropsychiatric illness that caused patients to be unable to understand and perform instructions and to provide written informed consent. In total, 218 subjects were enrolled, 79 were males and 139 females with a mean age of 81.6 (±7.10) years. At recruitment, eligible and consenting participants were subjected to a multidimensional geriatric assessment including information on demographics (age, sex, education), cognitive status, functional abilities, and physical health, obtained through a structured questionnaire administered during an interview with a trained operator. A peripheral blood sample was collected from each participant for clinical and laboratory examinations.
Ethics Statement
All subjects gave their informed consent for inclusion before they participated in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the local Ethical Committee (Comitato Etico Regione Calabria-Sezione Area Nord) on 2017-10-31 (code n. 25/2017).
Assessment of Muscle Mass
Muscle mass was measured by bioelectrical impedance analysis (BIA) using a Quantum/S Bioelectrical Body Composition Analyzer (AkernSrl, Florence, Italy). Whole-body BIA measurements were taken between the right wrist and ankle with subject in a supine position. Muscle mass was calculated using the BIA equation of Janssen and colleagues [35] : Skeletal muscle mass (kg) = ([height 2 /BIA resistance × 0.401] + [gender × 3.825] − [age × 0.071]) + 5.102, where height is measured in centimeters; bioelectrical impedance analyses resistance is measured in ohms; for gender, men = 1 and women = 0; age is measured in years. Absolute muscle mass was converted to skeletal muscle index (SMI) by dividing the value by the square of the height in meters (kg/m 2 ).
Measurement of Muscle Strength
Muscle strength was assessed as hand grip strength (HGS) using a handheld dynamometer (SMEDLEY's dynamometer TTM) while the subject was sitting with the arm close to his/her body. The test was repeated three times with the stronger hand and the maximum of these values was considered.
Assessment of Muscle Performance
Gait speed was measured using the 4 meter (m) walking test. Patients were asked to walk straight for 4 m at their usual speed for the measurement of a 4 m walk time. Timing began when subjects initiated foot movement and stopped when one foot contacted the ground after completely crossing the 4 m mark. Gait speed (m/s) was calculated by dividing the distance covered by the 4 m walk time (s). The best time of two attempts was recorded. 
Evaluation of Disability
The management of activities of daily living or ADL (bathing, dressing, toileting, transfer from bed to chair, and feeding) was assessed using a modification of the Katz Index of ADL [36] . The assessment was based on what the subject was able to do at the time of the visit. The score is given counting the number of activities in which the participant is dependent or independent at the time of the visit. For the analyses, ADL scores were dichotomized as one if the subject was not independent in all five items and zero otherwise.
Nutritional Assessment
We used the Mini Nutritional Assessment (MNA) to assess the nutritional state of the participants [37] . The short form of the MNA (MNA-SF) includes six queries regarding food intake, weight loss, mobility, psychological stress, or acute disease, the presence of dementia or depression, and body mass index (BMI). For this screening tool, the maximum score is equal to 14. A score ≥12 indicates that the subject has an acceptable nutritional status, whereas a score <12 indicates risk of malnutrition; in this last case it was then necessary to complete the MNA Long Form (MNA-LF). The MNA-LF consists of 18 items from four sections: global evaluation, anthropometric assessment, dietetic assessment (including number of full meals, fruit/vegetables, and water consumption), and self-assessment. The total score ranges from 0 to 30. Individuals were considered malnourished if they scored <17, at risk for malnutrition if they scored between 17 and 23.5, and well-nourished if their scores were ≥24.
Anthropometrics and biochemical markers of nutritional status reported in Table 1 were measured using standard laboratory procedures in all the subjects. 
Diagnosis of Sarcopenia
Sarcopenia was diagnosed by measuring muscle strength, muscle mass, and physical performance according to the revised criteria suggested by the European Working Group on Sarcopenia in Older People (EWGSOP2) [38] . Sarcopenia was defined as low muscle strength (HGS <27 kg in males; <16 kg in females) associated with either low skeletal muscle mass index (SMI; <8.50 kg/m 2 in males; <5.75 kg/m 2 in females) or low gait speed (<0.8 m/s).
Blood Plasma Collection
Blood plasma samples were prepared as follows. Venous blood samples were drawn after a 12 h overnight fast and processed within 2 h from collection. Plasma for miRNAs analysis was separated by centrifugation at 1800 g for 10 min at room temperature, collected in RNase-free tubes and further centrifuged at 1200× g for 20 min at 10 • C to completely remove contaminant cells. Finally, plasma samples were divided in aliquots to avoid freeze-thaw cycles and finally stored at −80 • C up to the RNA extraction.
RNA Extraction and miRNA Quantification
MicroRNAs were isolated from 200 µL of plasma using miRNeasy ® Serum/Plasma kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions. Five volumes of QIAzol Lysis Reagent were added to each sample. After 5 min incubation at room temperature, 200 µL of chloroform was added together with 3.5 µL of Arabidopsis thaliana miR-159a (assay ID 000338) as a spike-in control and the mixture was incubated for 3 min. The lysate was separated into aqueous and organic phases by centrifugation for 15 min at 12,000× g. Next, 1.5 volumes of 100% ethanol were added to the aqueous phase and the solution was passed through the RNeasy MinElute spin column in order to make the small RNAs tie to the membrane. Using appropriate washing buffers, phenol and other contaminants were expelled. Finally, RNAs was washed with 80% ethanol and eluted with 14 µL of RNase-free water. RNA yield was quantified on the Qubit 2.0 Fluorometer (Life Technologies, Milan, Italy) and it was around 30-50 ng/mL each sample. Of this, 5 µL was converted in cDNA using TaqMan ® microRNA Reverse Transcription Kit (Life Technologies) and stem-loop specific RT primers for each selected human miRNA (hsa-miR-1 assay, ID 002222; hsa-miR-133a, assay ID 002246; hsa-miR133b, assay ID 002247; hsa-miR-206, assay ID 000510; hsa-miR-208b, assay ID 002290; hsa-miR-499, assay ID 001045). Small nuclear (snRNA) U6 was used as endogenous control (assay ID 001973). The mixture was incubated at 16 • C for 30 min, 42 • C for 30 min, and 85 • C for 5 min. Afterward, quantitative real-time PCR was performed on a QuantStudio3™ Real-Time PCR System (Applied Biosystems, Milan, Italy) with automatic baseline setting, using TaqMan ® Universal Master Mix 2x. without uracil-N-glycoslyase (UNG) (Applied Biosystems), 1 µL 20x Taqman miR Assay (Life Technologies) and 1.33 µL RT product. Real-time reaction was carried out at 95 • C for 10 min, followed by 40 cycles of 95 • C for 15 s and 60 • C for 60 s. All reactions, including the no-template controls, were run in triplicate. The relative expression levels of each miRNA in comparison with the normalizer were then calculated using the comparative threshold (Ct) method 2 −∆Ct [39] , where ∆Ct represents the difference between each miRNA and the normalizer (average Ct for the miRNA minus average Ct for snRNA U6). Expression levels (2 −∆Ct ) were log-transformed to better fit a normal distribution.
Statistical Analysis
Continuous variables are presented as means and standard deviations (SD), while categorical variables are presented as percentages. Shapiro-Wilk test was used to assess the normality assumption for continuous variable. In case of violation, suitable data transformation methods were adopted for addressing non-normality. Continuous and categorical variables were compared between sarcopenic and non-sarcopenic subjects using independent sample t-test or chi-square test as appropriate. A binary logistic regression analysis was used to assess the association between sarcopenia and the Nutrients 2020, 12, 297 6 of 15 variability of the assessed plasma miRNA levels. Multivariate analysis was made after adjustment for variables that were significantly different between sarcopenic and non-sarcopenic subjects, with the exception of those strictly related to sarcopenia diagnosis (hand grip strength, skeletal muscle index, and gait speed). Correlation analyses were performed using Spearman's correlation coefficient to determine the magnitude of association between plasma miRNA levels and MNA scores, as well as biochemical markers of nutritional status. Statistical significance was defined as two-tailed p-value <0.05. All statistical analyses were performed using IBM SPSS statistics for Windows v25 (IBM Corp., Armonk, NY ).
Results
We enrolled a total of 218 subjects with a mean age of 81.6 years of whom 109 (50.0%) were identified as affected by sarcopenia according to the EWGSOP2 criteria. Table 1 shows the baseline characteristics of the study participants, stratified by the presence of sarcopenia. Individuals with sarcopenia were older compared to those without the condition.
Compared with non-sarcopenic subjects, dependency in ADL was more prevalent in sarcopenic subjects (43.7% vs. 75.9%, p < 0.001). Subjects with sarcopenia who were malnourished according to MNA-SF were 59.4%, whereas only the 35.4% of the non-sarcopenic subjects were classified as having a malnutrition status (p = 0.002). After the complete assessment of MNA (MNA-LF), the proportion of subjects malnourished and at risk of malnutrition remained significantly higher in the sarcopenic group than in the non-sarcopenic group (77.4% vs. 50.0% p = 0.002). Moreover, significant differences in several clinical-biochemical parameters were observed between the two groups of subjects (Table 1) .
Plasma levels of the myomiRs were investigated in the cohort studied. First, in order to verify the reliability of snRNA U6 as endogenous control to standardize miRNA expression, Ct values of U6 were compared between sarcopenic and non-sarcopenic groups. No significant difference was observed (p = 0.528), suggesting that U6 is constitutively expressed in plasma regardless of disease condition, and thus supporting its use as a reliable normalization control. Out of the six miRNAs we analyzed, miR-1, miR-208b, and miR-499 were undetected in this sample, while miR-206, miR-133a. and miR-133b were found in all subjects.
Univariate analysis ruled out the correlation between age/gender and myomiRs levels (p > 0.05). As reported in Table 2 and in Figure 1 , the univariate analysis showed significantly lower plasma levels of miR-133b in subjects with sarcopenia in comparison to non-sarcopenic individuals (model 1, p = 0.006). After adjusting for age and ADL, the association between miR-133b and sarcopenia remained significant (model 2, p = 0.037) while after additional adjustment for nutritional status, assessed by MNA-SF scores, the effect of miR-133b on sarcopenia disappeared (p = 0.238; model 3 in Table 2 ), suggesting a relationship between this miRNA and nutrition. To get more insights in this relationship we performed correlation analyses of myomiR levels with nutritional status. Data showed that lower levels of both miR-133b and miR-206 were significantly correlated with poor nutritional status assessed either by MNA-SF (miR-133b, rho = 0.193, p = 0.012; miR-206, rho = 0.156, p = 0.044) or MNA-LF (miR-133b, rho = 0.256, p = 0.005; miR-206, rho = 0.224, p = 0.014) scores. Analysis performed splitting the whole sample by sarcopenia showed that the association between lower levels of both miR-133b and miR-206 and undernutrition was statistically significant in subjects with sarcopenia (Figure 2 A,B) . No significant correlation for miR-133a was found. After adjusting for age and ADL, the association between miR-133b and sarcopenia remained significant (model 2, p = 0.037) while after additional adjustment for nutritional status, assessed by MNA-SF scores, the effect of miR-133b on sarcopenia disappeared (p = 0.238; model 3 in Table 2 ), suggesting a relationship between this miRNA and nutrition. To get more insights in this relationship we performed correlation analyses of myomiR levels with nutritional status. Data showed that lower levels of both miR-133b and miR-206 were significantly correlated with poor nutritional status assessed either by MNA-SF (miR-133b, rho = 0.193, p = 0.012; miR-206, rho = 0.156, p = 0.044) or MNA-LF (miR-133b, rho = 0.256, p = 0.005; miR-206, rho = 0.224, p = 0.014) scores. Analysis performed splitting the whole sample by sarcopenia showed that the association between lower levels of both miR-133b and miR-206 and undernutrition was statistically significant in subjects with sarcopenia (Figure 2A,B) . No significant correlation for miR-133a was found.
The association between myomiRs and nutritional status prompted us to assess the association between traditional blood biomarkers of malnutrition and inflammation and the levels of myomiRs, performing additional correlation analyses in the whole sample and in the two sub-groups of subjects with and without sarcopenia. Results, presented in Supplementary Materials, Table S1 , show a significant positive correlation between the plasma levels of miR-133b and albumin (p < 0.001) and serum iron (p = 0.003) levels, whereas a negative correlation was observed with ferritin (p = 0.018), in the whole sample of participants. Furthermore, the miR-206 levels were positively and negatively correlated with albumin (p = 0.001) and ferritin (p = 0.014) levels, respectively. As shown by the scatter plots and linear regressions of Figures 3 and 4 , statistically more significant correlations were observed in the group of subjects with sarcopenia for both miR-133b (rho = 0.353; p < 0.001 for albumin; rho = 0.205; p = 0.058 for iron; rho= -0.217; p = 0.041 for ferritin; Figure 3 ) and for miR-206 (rho = 0.349; p < 0.001 for albumin; rho= -0.187; p = 0.077 for ferritin; Figure 4 ), further highlighting the potential role of nutritional status in mediating the relationship between myomiRs and sarcopenia. The association between myomiRs and nutritional status prompted us to assess the association between traditional blood biomarkers of malnutrition and inflammation and the levels of myomiRs, performing additional correlation analyses in the whole sample and in the two sub-groups of subjects with and without sarcopenia. Results, presented in Supplementary Material, Table S1 , show a significant positive correlation between the plasma levels of miR-133b and albumin (p < 0.001) and serum iron (p = 0.003) levels, whereas a negative correlation was observed with ferritin (p = 0.018), in the whole sample of participants. Furthermore, the miR-206 levels were positively and negatively correlated with albumin (p = 0.001) and ferritin (p = 0.014) levels, respectively. As shown by the scatter plots and linear regressions of Figures 3 and 4 , statistically more significant correlations were observed in the group of subjects with sarcopenia for both miR-133b (rho = 0.353; p < 0.001 for albumin; rho = 0.205; p = 0.058 for iron; rho= -0.217; p = 0.041 for ferritin; Figure 3 ) and for miR-206 (rho = 0.349; p < 0.001 for albumin; rho= -0.187; p = 0.077 for ferritin; Figure 4 ), further highlighting the potential role of nutritional status in mediating the relationship between myomiRs and sarcopenia. 
Discussion
The present study was set up to assess the relationship among nutritional status, sarcopenia, and levels of myomiRs, muscle-specific miRNAs that affect skeletal muscle processes, from myogenesis to muscle homeostasis.
The analysis of the nutritional status, based on the MNA scores, showed that more than 50% of the participants to our study were malnourished or at risk of malnutrition. This high proportion is not surprising since prevalence among nursing home residents is reported to be higher compared with community-dwelling elders [40] . Anyway, consistent with several reports [41] [42] [43] , we found 
The analysis of the nutritional status, based on the MNA scores, showed that more than 50% of the participants to our study were malnourished or at risk of malnutrition. This high proportion is not surprising since prevalence among nursing home residents is reported to be higher compared with community-dwelling elders [40] . Anyway, consistent with several reports [41] [42] [43] , we found that the prevalence of subjects malnourished or at risk of malnutrition was significantly higher among those with sarcopenia than those without.
The analysis of the expression profiles of the myomiRs detected in present study (miR-133a, miR-133b, and miR-206) revealed differential expression of miR-133b between subjects with and without sarcopenia, pointing to a potential role for this miRNA in the disease pathogenesis. miR-133b regulates fundamental processes of myogenesis including myoblast differentiation, regeneration, and satellite cell fate determination [26, 44] . Its overexpression has been shown to occur during myogenesis [45] , whereas, on the contrary, its downregulation appears to promote satellite cells quiescence, a distinctive feature of sarcopenic muscle which also shows a low regenerative capacity and an impaired differentiation potential [46, 47] . Hence, these data, together with ours, support the hypothesis that downregulation of miR-133b may contribute to the decreased myogenic and regenerative capacity of muscle cells, characteristic of sarcopenia. However, when considering the nutritional status of the study population, the association between miR-133b and sarcopenia no longer remained significant. This suggests that the levels of miR-133b in plasma are correlated with the nutritional status, pointing to a mediating effect of nutrition on the relationship between miR-133b and sarcopenia. In fact, we showed that malnutrition was correlated to lower levels of miR-133b; a similar correlation was found for miR-206. Our study also showed correlations with serum markers, such as albumin and ferritin, more significant in sarcopenic with respect to non-sarcopenic individuals, thus supporting the evidence that nutritional status may mediate the relationship between sarcopenia and myomiRs.
Skeletal muscle has a significant influence on the metabolic state of the body. The age-related changes that occur within the skeletal muscle alter energy and nutrient metabolism and, in turn, this metabolic dysfunction leads to further deterioration of the skeletal muscle. Diet certainly may well be one of the factors involved in this vicious cycle, as it plays a crucial role in maintaining muscle quality and quantity, both of which have important implications for metabolic capacity and functional performance. Dietary modulation of miRNA expression has been shown to influence various diseases, such as cancer, cardiovascular disease, type 2 diabetes, and obesity [48] . Accordingly, our findings highlight a nutrient-myomiR pathway that may influence muscle myogenic capacity. In this regard, it is of interest that miR-133a/b and miR-206 appear to be directly or indirectly regulated by the mammalian target of rapamycin (mTOR) [26] , the main mediator of cellular nutrient sensing and crucial regulator of skeletal myogenesis and muscle maintenance [49] . Zhang and colleagues [16] proposed a model for nutrient-mTOR-myomiR signaling in skeletal myogenesis, where the kinase-dependent mTOR pathway affects the expression of the above myomiRs through regulation of the myogenic transcription factor MyoD. According to this model, under low nutrient conditions such as amino acids and glucose starvation, mTOR is inactive and unable to induce MyoD synthesis with the consequent downregulation of miR-133a/b and miR-206. It is also well known that both sarcopenia and malnutrition are related to increased inflammation and oxidative stress [50] [51] [52] [53] . Notably, a downregulation of miR-133b and miR-206 was observed in the muscle of patients with inflammatory myopathy [54] . Moreover, Razak and colleagues reported that treatment with tocotrienol-rich fraction (TRF), known having an antioxidant activity, increases myomiR expression in myoblasts by reducing the oxidative stress [55] . Here, significant positive and negative correlations were found between miR-133b and miR-206 levels and albumin and ferritin, respectively. Notably, decreased albumin and elevated ferritin levels are characteristic features of inflammation besides being markers of nutritional status [56] [57] [58] . Based on this evidence, inflammation, as well as oxidative stress, could represent factors connecting malnutrition, expression of myomiRs, and sarcopenia. To this regard, literature data report that inflammation and oxidative stress induce expression of myostatin, a member of the transforming growth factor beta (TGF-β) superfamily that inhibits skeletal muscle growth muscle mass by downregulating the expression of miR-133b and miR-206 in skeletal muscle [26, 50] . In Supplementary Materials, Figure S2 , we schematically illustrate the possible molecular connections in the tripartite link between poor nutrition, myomiRs and muscle wasting in the elderly. Briefly, poor nutritional status negatively influences mTOR activity, which in turn downregulates myogenic transcription factor MyoD decreasing the expression of miR-133b and miR-206. Other factors such as oxidative stress and inflammation, interrelated in a vicious circle, can influence the same axes by upregulating the levels of myostatin, a repressor of myogenesis, which, in turn, represses myomiR expression. As a consequence, the downregulation of these miRNAs contributes to muscle wasting by inducing the expression of a number of target genes, some of which have been validated and many more predicted by bioinformatics tools, that should be prioritized and checked in future investigations.
It should be pointed out that, although the sequences of mature miR-133b and miR-133a differ in only one nucleotide at the 3 end, and that miR-206 and miR-133b constitute a bicistronic cluster on chromosome 6p12.2 (Supplementary Materials, Figure S1 ), in our study, miR-133a was not associated with either nutritional status or the sarcopenia, and miR-206 was not associated with sarcopenia. This is probably because these myomiRs regulate the myogenic program by activating different downstream targets, and also because their expression is regulated by different upstream signals, likely acting in a context-dependent manner [26, 50] . Furthermore, many of the potential targets of myomiRs are not intimately related to myogenic processes, therefore they could be modulated by the state of other interconnected pathways. In addition, myomiRs have emerging roles in the development of a number of non-muscle cells and tissues, beyond their classification as muscle-specific factors. For instance, several reports of myomiR involvement in different types of cancers, as well as in immunological responses and inflammation processes, have emerged in the last years [50] .
Conclusions
The pathogenesis of sarcopenia is multifactorial, and many of the underlying factors may not act independently in influencing the risk of disease as many of the causal pathways may overlap or interconnect. Our study supports a possible connection among nutrition, expression of miR-133b and miR-206 and age-related skeletal muscle decline; in particular, miR-133b could represent the "trait d'union" between nutritional status and susceptibility to sarcopenia.
However, the conclusions we draw should be interpreted in the context of limitations of this study. First, ours is a cross-sectional study, so results are limited to revealing associative, rather than causal, relations among nutritional status, miR-133b and miR-206 expression and muscle wasting in old age. Thus, future investigations should be carried out in order to gain insights about molecular mechanisms underlying the observed associations, exploring both downstream targets and upstream regulators of miR-133b and miR-206 in healthy and sarcopenic subjects, and to evaluate their potential as biomarkers of risk for sarcopenia and malnutrition. Second, along with diet, exercise plays an important role in maintaining muscle health because it stimulates protein synthesis. Literature data show that exercise alters the expression pattern of myomiRs, and thus, it would have been interesting to also investigate the effects of exercise on the myomiRs profile in sarcopenic patients. However, in our study, this was not possible because of the lack of information about exercise levels. Therefore, an "ad hoc" study could be designed for the purpose of accurately and comprehensively exploring this aspect which may contribute to finding preventive strategies and lifestyle changes for reducing the risk of sarcopenia.
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